The blood-brain barrier (BBB) presents a significant obstacle to delivery of targeted therapies to brain tumors. In this issue of the JCI, Staquicini and colleagues apply an in vivo phage-displayed library of random peptides to identify differentially expressed peptides that can be used to transport targeted agents across the intact BBB. The authors uncover a noncanonical, peptide-mediated iron-mimicry mechanism to induce transport of the transferrin/transferrin receptor complex across the BBB. They then demonstrate the ability of phage-targeting approaches to deliver therapeutic cargo and molecular imaging reporters across the BBB in an intracranial glioblastoma mouse model.
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Malignant gliomas are the most common primary brain tumor in adults and one of the most lethal of all cancers. With a median survival rate of one year, they present an almost unparalleled clinical challenge. Whether they arise from the constituent cells of the brain or metastasize from other sites, gliomas are often located in the most functionally important areas of the brain, making complete surgical resection a virtual impossibility. Furthermore, most brain tumors are relatively radio- and chemoresistant, while the surrounding normal brain tissue is relatively sensitive, making attempts at successful treatment resemble Ulysses' frightening effort to pass between Scylla and Charybdis, as described in Homer's Odyssey.
Comprehensive genomic surveys have identified a number of potentially targetable mutations in glioblastoma (GBM), the most common and malignant type of glioma. These mutations, which cluster along the EGFR/PTEN/PI3K, p53, and pRb1 signaling pathways (1, 2) , have been demonstrated to play a causative role in malignant glioma formation and progression in mouse genetic models (3, 4) , which suggests that small-molecule inhibitors and antibodies targeting these pathways may play an important role in reshaping the future treatment of patients with GBM. However, delivering these treatments to the brain remains a significant challenge.
The BBB: an obstacle to the delivery of brain tumor treatments The brain is a privileged site, sheltered from the systemic circulation by the blood-brain barrier (BBB) - a structure composed of endothelial cells, associated astrocytic end-feet processes, perivascular neurons, and pericytes ( Figure 1 ). The endothelial cells are connected by tight junctions that form an almost impenetrable barrier to all compounds except highly lipidized small molecules of less than 400 Da. Thus, delivery of the vast majority of therapeutic small molecules to the brain parenchyma is greatly limited. Brain tumors such as GBM may partially disrupt the BBB by inducing large gaps between endothelial cells (5) . However, the extent of BBB disruption among individual patients, and/or among various regions within a single tumor, appears to be highly variable. Therefore, the BBB presents a significant obstacle to delivery of targeted brain tumor treatments. Attempts to artificially disrupt the BBB by intra-arterial infusion of hyperosmotic solutions presents one potential therapeutic option, as recently demonstrated by intra-arterial infusion of the VEGFspecific antibody bevacizumab after BBB disruption by mannitol in patients with recurrent malignant glioma (6) . However, disruption of the BBB could potentially lead to other serious complications, such as brain edema. Therefore, development of strategies to deliver targeted agents across the BBB is a critical priority.
Several strategies to get therapeutic molecules across the BBB have recently been studied in malignant glioma patients. These include: (a) transnasal delivery (7); (b) convection-enhanced delivery (CED), whereby a therapeutic agent is continuously infused into the tumor bed under positive pressure to create a pressure gradient, enabling delivery to a larger region of the brain than can be achieved by diffusion (8); (c) packaging drugs and/or interfering RNAs into polyethylene glycolencapsulated liposomes that more readily cross the BBB and show tumor reduction and increase in survival in mice compared with systemic delivery, an approach that can be combined with CED (9, 10); (d) use of replication-competent retroviruses to deliver oncolytic therapies (11) ; and (e) use of mesenchymal (12) or neural stem cells to deliver small molecules, antibodies, or toxic payloads (13, 14) . Alternatively, other investigators have sought to take advantage of endogenous BBB transporters to increase delivery of targeted agents. There are three main classes of BBB transporters: (a) carrier-mediated transporters, including the glucose and amino acid transporters; (b) active efflux transporters, including P-glycoprotein and the other ABC gene family members; and (c) receptor-mediated transporters, of which transferrin receptor (TfR), insulin receptor, and low-density lipoprotein receptor are the best characterized (15) . Attempts to target GBM by delivering EGFR-specific shRNA in PEGylated liposomes bearing insulin receptor-and TfR-specific antibodies in an in vivo model has shown some promise (16) . However, these antibody-based approaches have yet to translate into the clinic. Developing the right targeting antibodies to facilitate crossing of the BBB in humans, and uncovering the molecular mechanism by which the process works, remain significant impediments to clinical application.
Phage display to identify differentially expressed peptides that can be used to transport targeted agents across the intact BBB In this issue of the JCI, Staquicini et al. provide an ingenious alternative strategy to overcoming the obstacle of delivering targeted agents across the BBB, based on identification of small peptide ligands that can be used to leverage the TfR system (17) . Phage display peptide library screening, a strategy originally conceived by Smith in 1985 (18) , has proven invaluable for uncovering a myriad of protein and peptide interactions. Individual bacteriophages can be engineered to express unique peptides in their phage coats, enabling screening of large random libraries against purified proteins, antibodies, or cultured cells. The bound phage particles can be recovered and each peptide ligand identified by DNA sequencing, providing a powerful, unbiased combinatorial approach to target discovery. Of importance for this application, phage display facilitates unbiased identification of receptors in their native conformation. The recovered peptides often maintain the identical biological features of the native full-length protein ligands, including biological activity (19) . Therefore, the approach appears to be tailor-made for discovering functional small peptide ligands that target TfR and could therefore potentially be used to deliver targeted therapies to the brain; it might also help elucidate the mechanisms by which they work.
Pasqualini and Arap, the senior authors of the study (17) , have previously used in vitro phage display to identify peptide ligands that interact with receptors on the surface by screening 60 human-derived cancer cell lines (NCI-60), revealing a series of potentially druggable targets (20) . They further extended the utility of phage display as a tool for discovering drug targets by applying it to in vivo mouse models and human subjects, in the process identifying peptides that differentially interact with protein targets in vascular beds of multiple organs (including the brain) and with connective tissues such as fat, muscle, and skin, including under pathological contexts (19, 21) . Taken together, this body of work (19) (20) (21) provides an important context for the study in this issue (17) .
An iron-mimicry mechanism induces transport of the transferrin/TfR complex across the BBB Staquicini et al. applied a phage-displayed library of random peptides to serially enrich for peptide motifs that selectively bound to endothelial cells in the brain of normal mice, in order to identify differentially expressed peptides that could be used to internalize and transport targeted agents across the intact BBB (17) . Using bioinformatic strategies to identify a series of potential peptide motifs of interest, the authors focused on a particular one, CRTIGPSVC, which resides in the amino terminus of transferrin. They went on to demonstrate that CRTIGPSVCexpressing phage particles effectively cross the intact BBB in normal mice. Because TfR normally carries iron atoms bound to transferrin across the BBB, the authors tested the hypothesis that the peptide promotes transferrin/TfR-mediated transport by acting as an iron mimic. They uncovered an allosteric, non-canonical mechanism by which the CRTIGPSVCexpressing phage functionally mimics iron binding to the open conformation of transferrin, inducing a conformational shift from open to closed that leads to transport. This observation, in and of itself, demonstrates the benefit of phage display approaches for uncovering molecular mechanisms, since the peptides seem to retain key biological function.
The authors ground the study in clinical relevance by showing substantial overexpression of TfR in clinical GBM samples and convincingly demonstrating that the CTIGPSVC-expressing phage selectively homes to intratumoral vasculature in a well-established intracranial GBM model (17) . By engineering the CRTIGPSVC peptide sequence into an adeno-associated chimeric viral vector carrying the gene encoding HSV thymidine kinase, which triggered cell suicide when the mice were treated with ganciclovir and served as a reporter for molecular imaging of tracers such as 18 F-FEAU, Staquicini et al. provide an elegant demonstration of the translational potential of phage targeting to deliver therapeutic cargos. Importantly, massive reduction of tumor size, with marked tumor cell death, was observed upon ganciclovir treatment, and noninvasive molecular imaging of these tumors made possible diagnosis and therapeutic monitoring.
Concluding remarks
It remains to be determined whether the concentration of phage-directed cargo will be therapeutically effective in tumors in patients with a largely intact BBB. However, the work of Staquicini et al. (17) provides three critical lessons. First, the work suggests the potential value of in vivo phage display for uncovering receptors that could be new drug targets through identification of ligand peptides, leveraging the power of unbiased combinatorial screening. Second, the study suggests that the specific peptide identified here, the transferrin/TfR complex-targeting peptide CRTIGPSVC, may have important therapeutic implications for delivering targeted brain tumor therapies and/or providing a platform for noninvasive imaging. Third, and perhaps most important, the study also highlights the value of this approach in uncovering potentially important functional interactions that can be leveraged using an array of possible targeting strategies. We can look forward to future applications of this approach for the discovery of new druggable targets and the identification of cell surface molecules that may be broadly important in many types of cancer as well as other diseases.
